Trichomonas vaginalis is a flagellated protozoan parasite responsible for a clinically recognized sexually transmitted disease. This microorganism resides within the human urogenital tract, where it is likely that key nutrients such as lipids (1) and iron (2) are limiting. To better understand alternative or additional mechanisms for sequestration of key host nutrients from those already described (1, 2), such as lipids and iron, utilized by these parasites, we examined the nature ofthe interaction between T. vaginalis and human erythrocytes and attempted to establish the biological significance of this interaction . Data are presented that show the specific nature of erythrocyte binding, and results suggest that erythrocytes provide both lipids and iron for parasite growth and multiplication .
LEHKER ET AL.
BRIEF DEFINITIVE REPORT addition of 50 I1 PBS-M with different numbers of [3H]thymidine-labeled trichomonads (4) . After washing, wells were counted for radioactivity. Controls included incubating heat-killed parasites with fixed erythrocyte monolayers, and also organisms added to polylysine-coated wells treated with PBS-1% BSA . Microscopy did not reveal any nonspecific trichomonal associations. Ligand Assay. The ligand assay for identifying the trichomonad erythrocyte-binding proteins (EBPs) was as recently described (4) . Briefly, 4 x 10' radioiodinated or s5S methionine-labeled trichomonads (4) were suspended in 300 A1 NaCI-EDTATris-HCI (NET) buffer (4), pH 7.4, with 3 mM N-a-p-tosyl-L-lysine chloromethyl ketone (TLCK). Then, 30 ,1 of 10% SDS, 300 kl of 10% Triton X-100, and 300 I1 of a 10 mg/ml OVA solution in NET buffer were sequentially added to the extract with gentle homogenization . The extract was clarified and transferred into a microfuge tube containing 4 x 109 fixed erythrocytes . After overnight incubation at 4°C, the erythrocytes were pelleted, washed four times in NET-I mM TLCK, and boiled in 50,ul electrophoresis-dissolving buffer (4) . After SDS-PAGE using 3% stacking and 10% separating acrylamide gels (4), EBPs were visualized by autoradiography or fluorography (4) .
Purification of and Antisera to EBPs . EBPs were purified by electroelution from acrylamide gels (7) . Four mice were each immunized subcutaneously and intraperitoneally with 20 NAg of the individual proteins in CFA. Boosters were given twice more using the same amount of protein in IFA . Prebleed sera and antisera were obtained by retroorbital bleeding .
Hemoglobin (Hgl) Cell-binding Assay. HgI (Sigma Chemical Co., St. Louis, MO) (2 .5 mg) in 0.5 ml water was iodinated by addition of Iodo-Beads (Pierce Chemical Co., Rockford, IL) and 2 mCi Na 1211 (Amersham Corp., Arlington Heights, IL) . Unbound radioactivity was removed by Sephadex G25 column chromatography and dialysis . 125 1-Hgl stored at -70°C was rechromatographed on Sephadex G25 before use. Cell-binding assays and competition experiments were as described previously (2) .
Growth Stimulation Assay . T, vaginalis organisms (105/ml) were suspended in TYM serum medium containing 0.3 mM 2,2-dipyridal, which resulted in no detectable growth of trichomonads unless 250 AM exogenous ferrous ammonium sulfate prepared as previously described (8) was added to the medium . Hgl, lactoferrin (Ltf), and transferrin (Trf) (all from Sigma Chemical Co.) were then added at 100,ug/ml. Iron saturation of Ltfand Trf was achieved as before (2) .
Results and Discussion
Specificity of T. vaginalis Binding ofErythrocytes. The specificity of erythrocyte binding to live trichomonads of isolates NYH 286 and IR 78 was evident by time, temperature, and saturation binding kinetics determined by either the microscopic evaluation or immobilized erythrocyte assays (see Materials and Methods) . Using the microtiter well assay, saturation occurred after 15 min at 37°C with 2.5 x 105 trichomonads at a pH range of 5 .0-6.0.
Interestingly, parasites monitored microscopically revealed internalization of fixed erythrocytes after a 30-min incubation of T. vaginalis with these host cells (Fig. 1) . Internalized erythrocytes were differentiated from bound erythrocytes by the absence of agglutination due to antibody binding by erythrocyte blood group typespecific antiserum (data not shown).
Identification ofEBPs of T. vaginalis . Autoradiograms ofiodinated T, vaginalis surface proteins that bound to fixed erythrocytes showed two EBPs of relative molecular weights of 12,500 and 27,500 ( Fig. 1, IIA) . Erythrocyte recognition ofonly these trichomonad proteins was indicated by the binding of two proteins from a total detergent extract containing numerous iodinated proteins, as shown earlier (4). Fig.  1 , IIB shows the reaction of mouse anti-27,500 protein with immunoblots performed as previously described (7), and mouse antiserum to each EBP crossreacted with the other molecular weight form.
Importantly, pretreatment of parasites with 15 hg/ml protein A-Sepharose-purified IgG of the antiserum to either of the two EBPs inhibited T, vaginalis attachment to erythrocytes by as much as 70% in the microtiter well adherence assay. A decreased erythrocyte binding was not observed with IgG from prebleed serum.
An explanation for the crossreactivity between the two EBPs is not known. No disulfide bond between the two molecular weight forms was detected, and no precursor-product relationships either between these adhesins or with a larger molecule were evident from pulse-chase experiments. It is conceivable that the EBPs have a common, functional, and antibody-crossreactive domain, as reported for other microbial models (7) .
Also, undiluted sera from 40% (20/50) of patients gave strong immunoblot reactions of the EBPs when compared with sera from humans without a history of a sexually transmitted disease. These data show the in vivo expression of and host response to EBPs . Erythrocytes Can Provide T . vaginalis with Essential Lipids. Purified erythrocyte lipids added to TYM medium resulted in growth kinetics similar to those seen in TYM serum medium (Fig. 2 A) . Parasites incubated in medium with erythrocytes also achieved similar high densities, but at longer generation times, showing the ability to acquire lipids from intact erythrocytes . Confirmation of lipid acquisition under these growth conditions was obtained by showing the incorporation of radioactivity from iodinated erythrocyte lipids, as shown earlier (1) . That mammalian epithelial cells are not a source of lipids for T. vaginalis (1) shows the highly selective mechanisms for lipid acquisition by this parasite.
Receptor Binding of Hgl is a Source of Iron for T . vaginalis. Addition of purified Hgl to the medium containing 0.3 mM 2,2-dipyridal (Fig. 2 B) resulted in parasite numbers like those seen by supplementation with exogenous ferrous ammonium sulfate. As expected, the addition ofiron-saturated Ltfresulted in excellent growth levels, while iron-saturated Trf did not support growth (2) .
The specific receptor-mediated binding of Hgl by T. vaginalis was then demonstrated. Fig. 3 shows saturation binding kinetics of 125 1-Hgl by trichomonads at 4°C, a temperature chosen to diminish uptake of the iron-binding protein (2) . The bimodal pattern was reproducible in five different experiments and suggested that several receptors with different affinities or a receptor with multiple binding sites with Hemoglobin added (ug) different affinities for the ligand might be present. Importantly, Fig. 3 B illustrates that unlabeled Hgl competed with the iodinated ligand, whereas Ltf was ineffective in competing. The time-course and steady-state binding of iodinated Hgl to trichomonads at 4°C is also shown (Fig. 3 A) .
T . vaginalis appears to be capable of utilizing hemoglobin as a source of iron (Fig.  2 B) . Since free Hgl is readily bound by the serum protein haptoglobin and is not available in vivo (9) , it is possible that the hemolysis of erythrocytes (10) results in immediate binding of Hgl by the trichomonad receptors (Fig. 3) , thus preventing Hgl from being sequestered by host macromolecules . It has been shown that different microorganisms obtain heme iron from some but not all species of haptoglobin with bound Hgl (11) . It is interesting to speculate that exascerbation of trichomoniasis among some patients during menstruation may be related to an ability of T . vaginalis to obtain iron from the haptoglobin species unique to those patients . Although unknown, the extraction of iron from the tetrapyrrole ring of heme by enzymatic reactions or the substitution of heme as electron carriers in trichomondl metabolism underscores the unique adaptation of this parasite to the vaginal-host environment. Summary Specific receptor-mediated binding by Trichomonas vaginalis ofhuman erythrocytes was demonstrated . The ability of live parasites to internalize erythrocytes was also documented . In vitro growth assays during lipid-free and iron-limiting conditions that do not support the survival of T . vaginalis organisms showed that purified erythrocyte lipids and hemoglobin were each able to provide lipids and/or hemoglobin iron for trichomonal growth and multiplication . Parasites bound hemoglobin in a highly specific receptor-mediated fashion, and only the homologous unlabeled hemoglobin, but not lactoferrin and transferrin, competed with iodinated hemoglobin binding. Two antibody-crossreactive surface proteins ofthe parasites were identified as adhesins, and antibody to the individual adhesins inhibited T . vaginalis recognition and binding of erythrocytes . Finally, patient sera possessed antibody to the adhesins, showingthe immunogenic nature and in vivo relevance ofthe trichomonad proteins during infection.
